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We establish a hybrid seesaw mechanism to explain small neutrino masses and predict
cold dark matter candidate in the context of the B − L gauge symmetry extension of the
Standard Model. In this model a new scalar doublet and two new fermion singlets are
introduced at loop-level beyond the minimal Type I seesaw. The lightest particle inside
the loop can be dark matter candidate. We study in detail the constraints from neutrino
oscillation data, lepton flavor violating processes and cosmological observation. We also
explore the predictions of the decays of the new charged scalars in each spectrum of neutrino
masses and show the most optimistic scenarios to distinguish the spectra. We consider the
pair production of the stable fermion associated with two observable SM charged leptons at
the LHC, which occurs in a two-step cascade decay of the new gauge boson Z ′ and the new
charged scalars stand as intermediate particles. The masses of missing dark matter and its
parent particle can be well-determined in such production topology.
I. INTRODUCTION
The observation of neutrino oscillations [1–4] has revealed that neutrinos have small but non-
zero masses, which cannot be accommodated in the Standard Model (SM) without introducing
extra components. Besides, the SM does not provide any candidate for the non-baryonic cold dark
matter (DM), which has been confirmed by precisely cosmological observations [5]
ΩDh
2 = 0.1123 ± 0.0035 . (1)
There are also some possible DM events from direct search setting upper-limit on the DM-nucleon
scattering cross-section [6–10], although they still cannot be interpreted as significant evidence. To
accommodate these observations, the minimal SM must be extended. As so, the dark matter and
neutrino physics offer an ideal window to search for physics beyond SM.
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2It is well known that neutrinos can be Dirac or Majorana fermions. Up to now, the most
attractive mechanism responsible for the origin of small neutrino masses is the so-called seesaw
mechanism, by which one can generate Majorana masses of three active neutrinos with renormal-
izable operators at the tree level. There are three different ways to realize the tree level seesaw
mechanism, categorized as Type I [11], Type II [12] and Type III [13] seesaw mechanisms, which
can all be naturally embedded into more fundamental frameworks such as the grand unified the-
ories (GUTs) or string theory. The simplest and well-studied mechanism for generating neutrino
masses is the Type I seesaw, in which at least two right-handed neutrinos are introduced. In this
model, experimental light neutrino masses are explained by the ratio of electroweak scale to large
Majorana mass term (MN ) which is a suppression factor, given by Y
2
ν v
2
0/MN . The non-ambiguous
test of the nature of Majorana neutrinos, and thus a possible test of the seesaw mechanism, will be
the observation of the lepton number violating (LNV) processes. Since the CERN Large Hadron
Collider (LHC) is going to lead us to a new energy frontier, searching for the heavy Majorana neu-
trinos at the LHC appears to be very appealing. The ideal production channel to study the LNV
processes of heavy Majorana neutrino at hadron collider is the Drell-Yan process via SM gauge
boson, pp → W ∗ → ℓN . However, due to the rather small mixing between the heavy neutrinos
and the SM leptons in minimal Type I seesaw, to the order O(mν/MN ), the predicted effects of
lepton number violation are unlikely to be observable.
The possibility of testing the heavy Majorana neutrino at the LHC beyond the minimal Type
I seesaw has been considered by several groups. Recently one group (including one of us) explored
the U(1)B−L extension of SM [14]. It is well known that B−L is an accidental global symmetry in
the SM and its origin is unknown. In order to understand the origin of Majorana neutrino masses
it is crucial to look for new scenarios where B − L is a local symmetry and can be spontaneously
broken. The inclusion of three right-handed neutrinos provides an anomaly-free formulation for
the gauged U(1)B−L. The new gauge boson ZB−L can be produced at the LHC via its gauge
interactions with the quarks. Its subsequent decay into a pair of heavy Majorana neutrinos leads
to a large sample of events without involving the small mixing suppression. The ∆L = 2 signal
pp → Z ′ → NN → ℓ±ℓ±W∓W∓ with two W bosons hadronic decay will directly test the nature
of heavy Majorana neutrinos. However, because no stringent experiments constrain the mass of
heavy Majorana neutrino up to now, a pessimistic case with heavy Majorana neutrino mass larger
than half of ZB−L boson mass MN > MZ′/2 may likely happen in the reality. Consequently one
cannot see any lepton number violating signatures at hadron collider because they are kinematically
forbidden. This dangerous situation motivates us to figure out other neutrino mass generation
3mechanisms which provide observable signatures in the U(1)B−L extension framework.
On the other hand, if one introduces only two types of fields, scalar η and/or fermion ψ,
neutrino masses can be generated at loop level [15–18]. A salient feature of such radiative seesaw
mechanisms is that all the new particles can lie below several TeVs naturally and their interactions
with SM particles are not heavily constrained by electroweak precision measurements so that they
can be directly tested at the LHC. Other discrete symmetries, for instance Z2 symmetry, can be
imposed by hand to forbid tree level neutrino mass term if new scalar η and fermion ψ stay in
the same representation as the scalar doublet in SM or the scalar triplet ∆ ∼ (1, 3, 1) in Type
II seesaw, fermionic singlets N ∼ (1, 1, 0) in Type I seesaw or fermionic triplets Σ ∼ (1, 3, 0) in
Type III seesaw respectively. Consequently the new particles inside the loop only self-interact and
couple to SM leptons, and the lightest one is stable which can serve as cold dark matter candidate.
This feature makes it possible to relate the dark matter with neutrino physics. If we restrict our
attention to radiative seesaw extended by an extra Abelian gauge symmetry or new representation
of other non-Abelian gauge groups, for instance U(1)B−L extension or adjoint representation of
SU(3) [19], such feature can also be achieved.
In this paper we investigate a particular realization of a radiative seesaw model in the U(1)B−L
extension of SM. In the exact U(1)B−L extension of SM, three right-handed neutrinos Ni are
introduced and a new scalar field Φ is added to break the local B − L symmetry. Besides this
framework, we add an extra scalar doublet ηT = (η+, η0) and two fermions ψi in which η has no
vacuum expectation value. The B − L charges of η, ψi and Φ are +1, 0 and +2, respectively. In
this model, there are two terms contributing to neutrino masses: tree level term coming from the
modified Type I seesaw mechanism with right-handed neutrino masses generated after U(1)B−L
symmetry breaking, and one-loop level term mediated by the new scalar η and fermion ψi. The
constraints from lepton flavor violating processes are also studied. We focus on mψ < mη scenario
in which the lighter ψ could serve as the cold dark matter candidate. Relevant cosmological
constraints are investigated. Due to the existence of U(1)B−L gauge symmetry, charged scalar
η± and dark matter ψ have clear signatures associated with SM charged leptons at the LHC:
pp → Z ′ → η+η− → ℓ+ℓ−ψψ, even if heavy Majorana neutrinos are forbidden to be produced.
We find encouraging results for the LHC signatures of this model to learn about the light neutrino
properties and to well-determine the masses of dark matter ψ and its parent particle η in such a
production topology.
This work is organized as follows: In Section II, we describe our model for neutrino masses and
dark matter. In Section III, we discuss the constraints on the neutrino mass and mixing parame-
4QL, uR, dR lL, ℓR NR H Φ ψ η
B − L 13 −1 −1 0 +2 0 +1
TABLE I: Fields and their B−L charges in our model, where ℓ = e, µ, τ . The fields on the left-handed side
of the double-vertical lines are the exact contents of minimal local U(1)B−L extension of SM.
ters from the current neutrino oscillation data, lepton flavor violating processes and cosmological
observation. Section IV is devoted to discuss the possibility of detecting the model at the LHC.
We summarize our findings in Section V. Feynman rules for new particles are presented in the
Appendix.
II. THE NEUTRINO MASS AND DARK MATTER MODEL
In our model the SM is extended with three right-handed Majorana neutrinos Ni ∼ (1, 1, 0),
one scalar singlet Φ ∼ (1, 1, 0), one scalar doublet η ∼ (1, 2, 1/2) and two right-handed Majorana
fermions ψi ∼ (1, 1, 0), as well as U(1)B−L gauge symmetry. The B − L charges for all fields are
collected in Table. I.
With well-chosen charges, as a result, the new lagrangian can be written as
L = LKinetic + LScalar −
[
YψlLη˜ψR + Yν lLH˜NR +
1
2
mψψ
C
RψR +
1
2
YNN
C
RNRΦ+ h.c.
]
(2)
where lL = (νL, ℓL) and H
T = (H+,H0) are the left-handed lepton doublet and scalar doublet in
SM respectively with H˜(η˜) = iσ2H
∗(η∗). The kinetic term for the matter fields and Lagrangian
for scalar fields are
LKinetic = iQLγµDµQL + iuRγµDµuR + idRγµDµdR + ilLγµDµlL + iℓRγµDµℓR + iNRγµDµNR
+ iψRγ
µDµψR, (3)
LScalar = (DµH)†(DµH) + (Dµη)†(Dµη) + (DµΦ)†(DµΦ)− V (H, η,Φ) (4)
where
DµNR = ∂µNR − igBLB′µNR, DµψR = ∂µψR, DµΦ = ∂µΦ+ i2gBLB′µΦ. (5)
Here B′µ and gBL are the gauge field and gauge coupling for U(1)B−L respectively. The Higgs
potential is given by
V (H, η,Φ) = −m2HH†H −m2ηη†η −m2ΦΦ†Φ+ λH(H†H)2 + λη(η†η)2 + λΦ(Φ†Φ)2
5+ λ1(H
†H)(η†η) + λ2(H
†η)(η†H) + λ3(H
†H)(Φ†Φ) + λ4(η
†η)(Φ†Φ)
+
λ5
Λ
[
(Hη†)2Φ+ h.c.
]
(6)
where λ5 has been set to be real without losing generality and Λ is a new high energy scale. The
last term is a dimension-5 effective operator in this model which has an accidental B−L symmetry.
Because of B − L gauge invariance, new fermions ψi only couple to the new scalar doublet η and
right-handed neutrinos only couple to SM Higgs H. For m2H ,m
2
Φ > 0 and m
2
η < 0, only H and
Φ acquire nonzero vacuum expectation values (VEVs). The U(1)B−L symmetry is spontaneously
broken by VEV of Φ. After imposing the conditions of global minimum, one obtains
v20 =
λΦm
2
H − λ3m2Φ
λHλΦ − λ23
, (7)
v2Φ =
λHm
2
Φ − λ3m2H
λHλΦ − λ23
. (8)
We define H0 = (h0+ v0+ iG
0)/
√
2, η0 = (δ0+ iF 0)/
√
2, Φ = (φ0+ vΦ+ iK
0)/
√
2, H± = G± and
η± = δ±1, and the mass eigenvalues of the resulting physical bosons are given by
• CP-even states:
h0, m2h0 = 2λHv
2
0 ; (9)
φ0, m2φ0 = 2λΦv
2
Φ; (10)
δ0, m2δ0 = −m2η +
1
2
(λ1 + λ2)v
2
0 +
1
2
λ4v
2
Φ +
v20vΦλ5√
2Λ
(11)
• CP-odd state:
F 0, m2F 0 = −m2η +
1
2
(λ1 + λ2)v
2
0 +
1
2
λ4v
2
Φ −
v20vΦλ5√
2Λ
(12)
• charged state:
δ±, m2δ± = −m2η +
1
2
λ1v
2
0 +
1
2
λ4v
2
Φ (13)
• new gauge boson:
Z ′ = ZB−L, MZ′ = 2gBLvΦ (14)
1 We denote the new scalar doublet as δ below.
6The mixing angle between φ0 and h0 is tan 2θ = λ3v0vΦ/(λHv
2
0 −λΦv2Φ). Relevant interactions are
collected in the Appendix. For simplicity we demand the mass hierarchy in this model as below
mψ ≡ mψ1 <∼ mψ2 < mδ± ≪ mφ0 ∼MN ∼MZ′ ∼ vΦ,
mδ ≡ mδ± ≈ mδ0 ≈ mF 0 . (15)
After Φ is set at its VEV, right-handed Majorana neutrinos acquire masses, MN = YNvΦ/
√
2.
According to Eq. (2), there are two terms contributing to light Majorana neutrino mass matrix: tree
level Type I seesaw terms Yν lLH˜NR,
1
2YNN
C
RNRΦ and one-loop radiative corrections as depicted
in Fig. 1. Notice that Fig. 1 is induced by the Yukawa coupling among ψi, δ and SM leptons and
the existence of λ5 term in Eq. (6). If λ5 is zero, neutrino masses would purely come from Type I
seesaw term. In the most general case, active neutrino mass matrix can be written as
(Mν)αβ = (Mtree)αβ + (Mloop)αβ = −
(
MDM
−1
N M
T
D
)
αβ
+
∑
i=1,2
(
Yψ
)
αi
(
Yψ
)
βi
I(m2ψi/m
2
δ)
mψi
(16)
where MD = Yνv0/
√
2 is the Dirac neutrino mass matrix and
I(x) =
λ5vΦv
2
0
8
√
2π2Λ
(
x
1− x
)[
1 +
xlnx
1− x
]
. (17)
Neutrino mass formula in Eq. (16) is called as the “hybrid” seesaw mechanism. There are three
scenarios: (1) O(Mtree) ≫ O(Mloop), Type I seesaw term dominates the contribution to the
neutrino masses; (2) O(Mtree) ∼ O(Mloop), both terms contribute to neutrino masses; and (3)
O(Mtree) ≪ O(Mloop), radiative seesaw term dominates. We can impose Z2 discrete symmetry
for right-handed neutrino NR → −NR to eliminate the Type I seesaw term, but actually the de-
tectable phenomenology discussed later does not depend on which scenario we work on. Because
the pure Type I seesaw scenario (1) has been well-studied by many groups both theoretically and
phenomenologically, we mainly concentrate our scope on the other extreme scenario (3) in Section
3.
It is important to emphasize that the last term in Eq. (6) is not the only dimension-5 effective
operator in this model. There are other dimension-5 operators allowed by gauge symmetry, for
instance 1Λ(H
†H + η†η + Φ†Φ)ψCRψR,
1
ΛH
†ηψRNR,
1
Λ l
T
LHΦNR,
1
Λ lLlLηη. Fermion ψ can get addi-
tional but suppressed mass contribution (v20+v
2
Φ)/Λ.
1
ΛH
†ηψRNR term contributes to right-handed
neutrino mass to the order v20/Λ
2 and 1Λ l
T
LHΦNR contributes to Dirac neutrino mass term to the
order vΦ/Λ.
1
Λ lLlLηη can give extra neutrino mass term (mψ/Λ)Mloop in Eq. (16). In brief, all
other dimension-5 operators supply additional suppression factor for neutrino mass generation or
7ν νψ
δ
λ5/Λ
δ
H H
〈Φ〉
FIG. 1: Feynman diagram for loop-level neutrino mass generation in this model.
lepton flavor violation. We therefore ignore these suppressed contributions in our analysis. The
usual neutrino seesaw mass term 1Λ lLlLHH is forbidden by U(1)B−L gauge symmetry.
Notice that the new particles ψ, δ inside the loop only couple to SM leptons and do not have mass
mixing terms like MD. Therefore another emergent consequence of this model is the appearance of
a lightest stable particle, which can serve as the cold dark matter. It can be bosonic [20] (i.e. the
lighter one of δ0 and F 0) or fermionic [21–23] (i.e. the lighter one of ψi). In this paper, as shown
in Eq. (15), we assume mψ < mδ and two fermions ψ1, ψ2 are quasi-degenerate. Consequently the
lighter ψ would be the cold dark matter candidate.
III. CONSTRAINT ON THE PARAMETER SPACE
In this section, we discuss the constraints on the parameter space of the model from (a) neutrino
physics, (b) lepton flavor violating processes and (c) cosmological observation.
A. Neutrino Masses from Radiative Seesaw
We assume that there is only Mloop term left in Eq. (16). The neutrino mass matrix can be
diagonalized as
Mˆ = V †PMNSMνV
∗
PMNS (18)
where Mˆ = diag(m1,m2,m3). VPMNS is the lepton mixing matrix, i.e. the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [24], which comes from the mismatch between the diagonal-
ization of neutrino masses and charged lepton mass matrix. With the standard parametrization,
8VPMNS can be written as
VPMNS =

c12c13 c13s12 e
−iδs13
−c12s13s23eiδ − c23s12 c12c23 − eiδs12s13s23 c13s23
s12s23 − eiδc12c23s13 −c23s12s13eiδ − c12s23 c13c23
× diag(1, eiχ, 1) (19)
where sij = sin θij, cij = cos θij, 0 ≤ θij ≤ π/2 and 0 ≤ δ, χ ≤ 2π. The phase δ is the Dirac CP
phase, and χ is the Majorana phase. The experimental constraints on the neutrino masses and
mixing angles, at 2σ level are [25]
7.25 × 10−5eV2 < ∆m221 < 8.11 × 10−5eV2 , (20)
2.18 × 10−3eV2 < |∆m231| < 2.64 × 10−3eV2 , (21)
0.27 < sin2 θ12 < 0.35 , (22)
0.39 < sin2 θ23 < 0.63 , (23)
sin2 θ13 < 0.04 , (24)
and
∑
imi < 1.2 eV. Using Casas-Ibarra parametrization [26], one can find a formal solution for
the Yukawa coupling between the SM charged leptons (ℓ = e, µ, τ) and ψi(i = 1, 2)
(Yψ)ℓi = VPMNSMˆ
1/2OF−1/2 , (25)
in terms of a complex matrix which satisfies the orthogonality condition OTO = OOT = 1,
where F = diag(I(m2ψ1/mδ)/mψ1 , I(m
2
ψ2
/mδ)/mψ2). In the 3 + 2 mode, one of the active
neutrinos is massless and Mˆ = diag(0,
√
∆m221,
√
|∆m231|) for normal hierarchy (NH), Mˆ =
diag(
√
|∆m231|,
√
∆m221 + |∆m231|, 0 ) for inverted hierarchy (IH). The matrix O can be written
as [27]
O =

0 0
cos z sin z
− sin z cos z
 for NH , O =

cos z sin z
− sin z cos z
0 0
 for IH (26)
where z = x+ iy with real parameters x and y.
Assuming vanishing Majorana phase and 0 ≤ x ≤ 2π, we show F |(Yψ)ℓ1|2/1 eV (ℓ = e, µ, τ)
versus parameter y in Fig. 2. The behaviors for F |(Yψ)ℓ2|2/1 eV are quite similar. One can see
µ, τ elements are several times larger than that of electron in NH and electron element is slightly
larger in IH.
9FIG. 2: F |(Yψ)ℓ1|2/1 eV versus parameter y in matrix O for NH (left) and IH (right), assuming vanishing
Majorana phase and 0 ≤ x ≤ 2π.
B. Constraints from Lepton Flavor Violating Process
Here we briefly discuss constraints on the parameter space from lepton flavor violating (LFV)
processes such as µ→ eγ. One-loop diagrams mediated by η± and ψ, similar to the one generating
small neutrino masses, contribute to the radiative decay processes. The branching ratio of µ→ eγ
decay was discussed in Refs. [21–23]
BR(µ→ eγ) = 3α
64π(GFm
2
δ)
2
|
∑
i
(Yψ)µi(Yψ)
∗
eiF2(m
2
ψi/m
2
δ)|2 , (27)
where
F2(x) =
1− 6x+ 3x2 + 2x3 − 6x2lnx
6(1− x)4 . (28)
In principle, we can always tune the function of parameter λ5 to get appropriate Yukawa couple
Yψ to escape from lepton flavor violating constraints. In Fig. 3 we show the branching fraction of
µ→ eγ versus parameter y by assuming 0 ≤ x ≤ 2π, F = 1 eV, mψ = 100 GeV andmδ = 300 GeV.
The horizontal line is the current experimental bound, i.e. BR(µ → eγ) < 1.2 × 10−11 [28].
One can find that µ → eγ restricts |y| to be less than 3 for NH and 2 for IH. Combining the
constraints from neutrino masses as shown in Fig. 2 with LFV in Fig. 3, we have Yukawa couplings
as |(Yψ)e1|2 <∼ 0.5, |(Yψ)µ1,τ1|2 <∼ 1 for NH and |(Yψ)e1,µ1,τ1|2 <∼ 1 for IH, which are not stringently
constrained.
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FIG. 3: The branching fraction of µ → eγ versus parameter y in matrix O for NH (left) and IH (right),
assuming vanishing Majorana phase, 0 ≤ x ≤ 2π, F = 1 eV, mψ = 100 GeV and mδ = 300 GeV. The
horizontal line represents the current experimental bound for BR(µ→ eγ) < 1.2× 10−11.
C. Cosmological Constraint
Because of the mass hierarchy assumed in previous section, the lighter one of ψi would be the
dark matter candidate in this model, denoted as ψ. Its relic density is calculable as a function of
Yukawa coupling Yψ, dark matter mass mψ and mass of scalar δ. In this model, the relic density
of ψ is controlled by the annihilation of ψψ → νν, ℓ+ℓ− through the exchange of δ±, δ0 and F 0
in t-channel. Because the processes through δ0 and F 0 exchanges have huge cancellation, two ψ’s
annihilate mainly into two charged leptons. Ignoring charged lepton masses, one can write down
the interaction rate σv in non-relativistic limit [21–23]
σannvrel ≡ a+ bv2rel =
∑
αβ
|(Yψ)α1|2|(Yψ)β1|2
r2ψ(1− 2rψ + 2r2ψ)
24πm2ψ
v2rel , (29)
where rψ = m
2
ψ/(m
2
ψ +m
2
δ) and vrel is relative speed. The thermally averaged cross section can be
written as 〈σannavrel〉 = a+6b/xf , where xf = mψ/Tf and Tf is the freeze-out temperature of the
relic particle. The present density of ψ is simply given by ρψ = mψs0Y∞, where s0 = 2889.2 cm
−3
is the present entropy density and Y∞ is the asymptotic value of the ratio nψ/s0 with Y
−1
∞ =
0.264
√
g∗MP lmψ(a + 3b/xf )x
−1
f through the time (temperature) evolution which is obtained by
solving the Boltzmann equation. The relic density can finally be expressed in terms of the critical
11
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FIG. 4:
∑
αβ |(Yψ)α1|2|(Yψ)β1|2 versus dark matter mass mψ constrained by dark matter relic density.
density
ΩDh
2 ≃ 1.07 × 10
9 GeV−1
MP l
xf√
g∗
1
a+ 3b/xf
(30)
where h is the Hubble constant in units of 100 km/s ·Mpc, MP l = 1.22 × 1019 GeV is the Planck
mass and g∗ is the number of relativistic degrees of freedom with mass less than Tf . The freeze-out
temperature xf can be estimated through the iterative solution of the equation [29]
xf = ln
[
c(c+ 2)
√
45
8
g
2π3
MP lmψ〈σannvrel〉√g∗xf
]
≃ ln0.038MP lmψ(a+ 6b/xf )√
g∗xf
(31)
where c is the constant of order one determined by matching the late-time and early-time solutions
and g is the weak interaction gauge coupling constant.
In Fig. 4 we show
∑
αβ |(Yψ)α1|2|(Yψ)β1|2 versus dark matter mass mψ constrained by dark
matter relic density with different δ± masses mδ = 100 GeV, 200 GeV, 300 GeV. We find, to get
correct relic density, Yukawa coupling Yψ should be at order O(1) with a few hundred GeV mψ
and mδ.
IV. THE TEST OF RADIATIVE SEESAW IN B-L EXTENSION AT THE LHC
In order to study the predictions for the lepton flavor correlation and dark matter property
with the radiative seesaw mechanism in U(1)B−L extension, the ideal channel is production of new
scalar δ and fermion ψ via the mediation of new gauge boson Z ′ in this theory.
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A. New Gauge Boson Z ′ Decay
In the limit where there is no mixing between the two Abelian sectors of the minimal B − L
extension of the SM, the mass of the new gauge boson Z ′ is given as MZ′ = 2gBLvΦ, see Eq. (14).
To satisfy the experimental lower bound,MZ′/gBL > 5−10 TeV [30], it is sufficient to assume that
vΦ > 2.5− 5 TeV. There has been a lot of works on the heavy neutral gauge bosons. For a recent
review, see Ref. [31], and recent studies of Z ′ at the Tevatron and LHC [32]. For a recent study
of the phenomenological aspects of the B − L model, see Ref. [33]. In Ref. [14] heavy Majorana
neutrino pair production via Z ′ is well-studied when MN < MZ′/2.
Here, as indicated in earlier section, we pay attention to the observable signatures in this model
when the case MN > MZ′/2 happens and thus the pair production of heavy Majorana neutrinos
from on-shell Z ′ is forbidden. Therefore, with the mass hierarchy given in Eq. (15), the partial
widths of Z ′ decay are
Γ(Z ′ → f f¯) = g2BL
MZ′
12π
Cf (Q
f
BL)
2
(
1 + 2
m2f
M2Z′
)
βf , (32)
Γ(Z ′ →
∑
m
νmνm) = 3g
2
BL
MZ′
24π
Cν(Q
ℓ
BL)
2, (33)
Γ(Z ′ → δ+δ−) = g
2
BL
48π
MZ′β
3
δ± =
g2BL
48π
MZ′β
3
δ , (34)
Γ(Z ′ → δ0F 0) = g
2
BL
48π
MZ′
[
1− 2m
2
δ0 +m
2
F 0
M2Z′
+
(m2δ0 −m2F 0)2
M4Z′
]3/2
=
g2BL
48π
MZ′β
3
δ (35)
where f = ℓ, q, the couplings Cℓ,ν = 1, Cq = 3, and βi =
√
1− 4m2i /M2Z′ is the speed of particle i.
In Fig. 5 we plot the branching ratios of Z ′ decay versus mδ when MZ′ = 1 TeV. Notice the mass
of new scalar mδ is constrained by dark matter relic density as several hundred GeV. One can see,
in low mδ range, the Z
′ decay branching fractions take simple ratios for the final states
e,µ,τ∑
ℓ
ℓ+ℓ− :
u···t∑
q
qq¯ :
1,2,3∑
m
νmνm : δ
+δ− : δ0F 0 = 3 : 2 :
3
2
:
1
4
:
1
4
. (36)
B. New Charged Scalar δ± Decay
As seen in previous section, the new scalar δ only couples to the stable particle ψ and SM
leptons because of B − L gauge invariance. The leading decay channels for the new scalar include
δ± → ℓ±ψ1,2 and δ0 → ν(ν¯)ψ1,2. All relevant amplitudes are proportional to the Yukawa coupling
Yψ which contributes to light neutrino mass generation. Therefore the lepton-flavor contents of δ
decay will be different in each neutrino spectrum.
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FIG. 5: The branching ratios of Z ′ decay versus mδ when MZ′ = 1 TeV.
The partial widths of δ± decay are
Γ(δ± → ℓ±ψ1(2)) =
|(Yψ)ℓ1(2)|2
16πmδ±
λ1/2(1,
m2ℓ
m2δ±
,
m2ψ1(2)
m2δ±
)(m2δ± −m2ℓ −m2ψ1(2)) (37)
where λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz. The dependence of δ± decay branching
fractions δ± → ℓ±ψ1 (ℓ = e, µ, τ) on parameter y is plotted in Fig. 6. The behaviors for ψ2 fi-
nal state are almost the same. One can see that if SM charged lepton masses are ignored, the
decay branching fractions do not depend on both masses of δ and ψ1 entirely, and the param-
eter y except for range |y| <∼ 1. The branching fractions can differ by one order of magnitude
in NH case BR(e±ψ1) ≪ BR(µ±ψ1), BR(τ±ψ1) ≈ 30% and a few times in the IH spectrum
BR(µ±ψ1), BR(τ
±ψ1) < BR(e
±ψ1) ≈ 25%. Therefore one can distinguish neutrino mass spectra
according to different SM lepton flavors of dominant channels in final states. In Fig. 7, we show
the dependence of δ± decay branching fractions on Majorana phase χ in NH and IH for y = 2.
In NH the dominant channels swap from τ±ψ1 when χ ≈ π/2 to µ±ψ1 when χ ≈ 3π/2 by a few
times. In IH the dominant channels swap from e±ψ1 when χ ≈ π/2 to µ±ψ1, τ±ψ1 when χ ≈ 3π/2
by more than one order of magnitude. This qualitative change can be made use of extracting the
value of the Majorana phase χ and parameter y. Moreover, it is important to note that the curves
of branching fractions corresponding to Majorana phase translate parallelly by a phase π for −y
case.
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FIG. 6: The branching ratios of δ± → ℓ±ψ1 (ℓ = e, µ, τ) versus parameter y in matrix O for NH (left) and
IH (right), assuming vanishing Majorana phase, 0 ≤ x ≤ 2π.
C. Production and Mass Determination of Dark Matter ψ and δ± at the LHC
Since in this model one has a dynamical mechanism for B − L breaking, there is a typical pair
production mechanism of δ± through Z ′ with δ± decay into SM charged leptons and the stable
particle ψ
pp→ Z ′ → δ+δ− → ℓ+ℓ−ψψ. (38)
In Fig. 8 (a) we plot the total cross section of charged scalar δ± pair production at the LHC versus
its mass mδ. Considering the mass difference between δ
± and ψ can be large, see Fig. 4, our signal
would be two hard opposite-sign leptons plus large missing energy. The irreducible SM backgrounds
are Z(→ νν¯)Z/γ∗(→ ℓ+ℓ−) and W+(→ ℓ+ν)W−(→ ℓ−ν¯). For our numerical analyzes, we adopt
the CTEQ6L1 parton distribution function [34] and evaluate the SM backgrounds by using the
automatic package Madgraph [35]. We work in the parton-level, but simulate the detector effects by
the kinematical acceptance and employ the Gaussian smearing for the electromagnetic energies [36]
∆E
E
=
acal√
E/GeV
⊕ bcal, acal = 10%, bcal = 0.7%. (39)
We employ the following basic acceptance cuts for the event selection [36]
pT (ℓ) ≥ 15 GeV, |η(ℓ)| < 2.5, ∆Rℓℓ ≥ 0.4,  ET > 30 GeV (40)
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FIG. 7: The branching ratios of δ± → ℓ±ψ1 (ℓ = e, µ, τ) versus Majorana phase χ for NH (left) and IH
(right), when y = 2 and 0 ≤ x ≤ 2π.
Because the two leptons can be very hard, we tighten up the transverse momenta of them
pT (ℓ) > 120 GeV. (41)
This cut also helps for the background reduction significantly. The total cross section with all
the cuts being set is plotted in Fig. 8 (b), in which we take the branching fraction of δ± as
BR(δ± → ℓ±ψ) = 30% from Fig. 6. For lower mass range of mδ and MZ′ one can have O(100)
event number with 100 fb−1 integrated luminosity.
On the other hand, the masses of ψ and δ± can be well-determined in this topology with the help
of so-called cusp kinematics [37]. Considering the charged leptons in final states to be massless,
due to the on-shell constraint for the particle δ± there is a cusp and end-point in invariant mass
distribution of the two leptons
M cuspℓℓ = mδ
(
1− m
2
ψ
m2δ
)
e−ζ , Mmaxℓℓ = mδ
(
1− m
2
ψ
m2δ
)
eζ , coshζ =
MZ′
2mδ
, (42)
where ζ is the rapidity of δ±. Taking MZ′ = 1 TeV, mδ = 450 GeV and mψ = 50 GeV as reference
masses, we plot Mℓℓ in Fig. 9. One can read the two variables from this plot as M
cusp
ℓℓ = 280 GeV
and Mmaxℓℓ = 708 GeV. Once we know the mass of gauge boson Z
′ from purely leptonic final states
pp → Z ′ → ℓ+ℓ− future [38], the masses of stable particle ψ and its parent particle δ± can be
exactly solved from the two equations given above. The determined masses are mδ = 450.6 GeV
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FIG. 8: Charged scalar δ± pair production total cross section at the LHC versus its mass mδ (a) without
any cuts and (b) with all cuts and branching fraction of δ± decay BR(δ± → ℓ±ψ) = 30% taken from Fig. 6.
The solid, dashed and dotted curves are for MZ′ = 1, 1.5, 2 TeV respectively, when vΦ = 3 TeV.
and mψ = 49.4 GeV in this case.
V. CONCLUSION AND SUMMARY
In this paper we have established a hybrid seesaw mechanism to explain tiny neutrino masses
and suggest a cold dark matter candidate. In this mechanism which is beyond the so-called Type I
seesaw in the context of B−L gauge symmetry extension of the Standard Model, the contributions
of a new scalar doublet and two new fermion singlets appear at one-loop level. We have studied
in detail the constraints on the model parameters from neutrino oscillation data, lepton flavor
violating processes and cosmological observation. We have also explored the predictions on the
decay branching ratios of the charged new scalar in each neutrino mass spectrum and showed the
most optimistic scenarios where one could hope to distinguish the spectra using the properties of
the decays. The typical signatures related to the new seesaw mechanism and dark matter candidate
at the LHC are also studied. We summarize our main results in the following
• A radiative seesaw mechanism can be added to the minimal Type I seesaw with a local gauge
symmetry B − L, a new scalar doublet and two new fermion singlets ψ at loop level.
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FIG. 9: Invariant mass distribution of two leptons for pp → Z ′ → δ+δ− → ℓ+ℓ−ψψ production after basic
cuts and all cuts, with MZ′ = 1 TeV, mδ = 450 GeV and mψ = 50 GeV.
• The decays of new scalar doublet are related to neutrino masses and mixings. We show the
possibility to distinguish the neutrino spectra. The branching fractions can differ by one
order of magnitude in NH case with BR(µ±ψ), BR(τ±ψ) ≫ BR(e±ψ), and a few times in
the IH spectrum with BR(e±ψ) > BR(µ±ψ), BR(τ±ψ) when the Majorana phase is ignored
in 3+2 mode.
• Considering effects of the Majorana phase, in NH the dominant channels swap from τ±ψ1
when χ ≈ π/2 to µ±ψ1 when χ ≈ 3π/2 by a few times. In IH the dominant channels swap
from e±ψ1 when χ ≈ π/2 to µ±ψ1, τ±ψ1 when χ ≈ 3π/2 by more than one order time of
magnitude.
• The lightest new particle ψ in the loop is stable and can be cold dark matter candidate
because of B − L gauge symmetry invariance. Cosmological observation constrains the
masses of the new scalar and ψ at a few hundred GeV.
• Even when heavy Majorana neutrino pair production channel is not allowed from Z ′ gauge
boson decay, in this framework, the new charged scalar can be pair produced at the LHC
essentially.
• The masses of new scalar δ± and missing particle ψ can be well-determined in the production
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Fields Vertices Couplings
δ± Z ′µδ
+(p1)δ
−(p2) −igBL(p1 − p2)µ
Zµδ
+(p1)δ
−(p2) −ig2 cos(2θW )2 cos(θW ) (p1 − p2)µ
Aµδ
+(p1)δ
−(p2) −ie(p1 − p2)µ
δ0, F 0 Z ′µδ
0(p1)F
0(p2) −gBL(p1 − p2)µ
Zµδ
0(p1)F
0(p2)
√
g2
1
+g2
2
2 (p1 − p2)µ
Z ′ q¯iqiZ ′ −iQqBLgBLγµ
q1 = u, q2 = d Q
q
BL =
1
3
ℓ¯ℓZ ′ −iQℓBLgBLγµ
ℓ = e, µ, τ QℓBL = −1
NmNmZ
′ igBLγµ
γ5
2
N = νR + ν
C
R
νmνmZ
′ igBLγµ
−γ5
2
ν = νL + ν
C
L
φ0(p1)φ
0(p2)Z
′ −i2gBL(p1 − p2)µ
ψ ν¯δ0ψ −iYψ 1√2PR
ψ = ψR + ψ
C
R
ν¯F 0ψ −Yψ 1√2PR
ℓ¯δ−ψ iYψPR
TABLE II: Feynman rules. The momenta are all assumed to be incoming.
topology pp → Z ′ → δ+δ− → ℓ+ℓ−ψψ in terms of properties of visible SM charged leptons
invariant mass distribution.
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Appendix A: Feynman Rules
We summarize the Feynman rules for our model in Table. II.
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